Abstract
INTRODUCTION
Peripheral blood hematopoietic cell transplant (PBHCT) is the most commonly used allogeneic hematopoietic cell source due to its faster rate of neutrophil engraftment [1] [2] [3] [4] . The optimal CD34+ cell dose range to minimize time to neutrophil and platelet recovery without increasing risk of acute graft-versus-host disease (GvHD) is 4-10 × 10 6 /kg [5] [6] [7] [8] [9] [10] [11] . Some studies have reported a higher CD34+ cell dose yields improved overall survival (OS) [9, [12] [13] [14] , while others have found no significant association [7, 10, [15] [16] [17] [18] . A higher total nucleated cell (TNC) dose has been reported to improve survival after PBHCT [14, 16] , but analyses of specific T-cell subsets (CD4+, CD8+, natural killer cells) have been inconsistent [17] [18] [19] . Factors such as T-cell depletion, conditioning regimen intensity, use of total body irradiation (TBI), and donor age may be interacting with graft cell doses to generate different effects on PBHCT outcomes. In addition, flow cytometric enumeration of cell doses are not standardized (except for CD34+ cell dose) and may also lead to differences in results between studies.
In our retrospective study, we explored whether the collected and infused CD34+, CD3+, CD4+, CD8+, or TNC dose influenced engraftment, OS, progression free survival (PFS), and incidence of acute and chronic GvHD, and whether the results were affected by conditioning regimen intensity or use of TBI.
MATERIALS AND METHODS

Study design
This retrospective cohort study included 247 consecutive adult (≥ 18 years old) patients receiving their first allogeneic PBHCT between January 2001 and September 2012. Patients receiving syngeneic, human leukocyte antigen (HLA)-mismatched, Tcell depleted, or bone marrow transplants were excluded from this analysis. This study was reviewed and approved by the Institutional Review Board of Roswell Park Cancer Institute.
Conditioning regimens
Four conditioning regimen groups were defined a priori as (1) myeloablative (MA) without TBI (MA-noTBI), (2) myeloablative with TBI (MA + TBI), (3) reduced intensity conditioning (RIC) without TBI (RIC-noTBI) and (4) RIC with TBI (RIC + TBI). These are described in Table 1 . Conditioning regimens were assigned based on institutional standards including: (1) patients aged ≥ 60 years: received RIC regimens, (2) patients aged 41-59 years: a RIC regimen was preferred for patients with any of the following criteria: HLA mismatch, Karnofsky Performance Score (KPS) < 70, extensive co-morbidities, recent smoking history, (3) patients aged 19-40 years: a myeloablative regimen was preferred unless the patient had an HLA mismatched donor, KPS < 70, severe co-morbidity, and (4) patients aged ≤ 40 years with acute lymphoid leukemia: TBI regimen.
PBHC mobilization and collection
Donor marrow was stimulated with 10 mg/kg of granulocyte-colony stimulating factor for a minimum of 2 d and continued until white blood cell count was > 8000 × 10 9 /L; the attending bone marrow transplant physician provided a target CD34+ cell dose to be collected and, for related donors, approved the final dose collected and the end of apheresis. Most donors underwent apheresis for 1 d.
Cell dose definitions
Apheresis product cell doses were determined using multi-parameter flow cytometry. CD34+ cell counts were obtained using the ISHAGE protocol [20] , substituting 7-aminoactinomycin D with TO-PRO. CD3+, CD4+, and CD8+ cell counts used standard methodology [21] . TNC doses were determined by multiplying the white blood cell count (× 10 8 /mL) on the day of apheresis by the volume of the product. Each cell count in the final infused product was divided by the actual recipient weight in kilograms measured within 2 d of the start of conditioning regimen to calculate the cell dose infused.
CD34+ cell dose was analyzed using previously published categories of < 4, 4-8, > 8 × 10 6 /kg. CD3+, CD4+, and CD8+ cell doses were analyzed above and below the respective median cell doses in the study population. TNC dose was analyzed as above and below the median cell doses and also with various doses ranging from 7-10 × 10 8 cells/kg to determine an optimal TNC dose threshold.
Post-transplant outcome definitions
Neutrophil engraftment was defined as the first of 3 consecutive days with an absolute neutrophil count > 0.5 × 10 9 /L. Platelet engraftment was defined as the first date with a platelet count > 20 × 10 9 /L after 7 consecutive days with no platelet transfusions. PFS was calculated as the time from PBHC infusion to date of first disease progression post-PBHCT or date of death from any cause; survivors without disease progression were censored at date of last follow-up. OS was calculated as the time from PBHC infusion to date of death from any cause with survivors censored at date of last follow-up. Acute and chronic GvHD were graded using standard definitions [22] [23] .
Statistical analysis
The statistical methods of this study were reviewed by Yali Zhang from Roswell Park Comprehensive Cancer Center. Correlations between TNC dose and CD3+ dose, CD4+ dose, CD8+ dose, and CD34+ dose were calculated using the Pearson productmoment correlation coefficient. The cumulative incidence of acute and chronic GvHD was analyzed adjusting for the competing risk of disease relapse. Univariable analysis of OS and PFS were analyzed as time-to-event; survival curves were generated using the Kaplan-Meier method and were compared using the log-rank test. Multivariable analyses tested each cell dose while adjusting for significant factors in the univariate analysis, first in all patients and then stratified by the four conditioning regimen groups. Variables included in the multivariable analyses were age (≥/< 40 years), KPS (≥/< 80) at time of transplant, and BMI (≥/< 35 kg/m 2 ). All analyses were performed using SAS version 9.4.
RESULTS
The cohort consisted of 135 sibling and 112 unrelated donor transplant recipients. Sibling donors were 6/6 HLA-matched at HLA-A, -B, and -DRB1. Unrelated donors were 10/10 HLA-matched at HLA-A, -B, -C, -DRB1, and DQB1 (3 patients were 8/8 HLA-matched at HLA-A, -B, -C, -DRB1). Patients who received a MA regimen were significantly younger, had a higher KPS, more commonly had a sibling donor, tacrolimus/methotrexate GvHD prophylaxis regimen, and were treated for different diseases than patients who received a RIC regimen ( Table 2) .
Peripheral blood apheresis cell doses
Median (range) cell doses for the whole cohort were 264. 
Neutrophil engraftment
The cumulative incidence of neutrophil engraftment was 99% at day 28 post-PBHCT. Six patients died on days 3, 5, 12, 20, 26, and 36 before neutrophil engraftment. Overall, patients who received a CD34+ cell dose > 4 × 10 6 /kg experienced faster neutrophil engraftment (median 13 d vs 15 d, P = 0.05) as compared to patients who received a CD34+ cell dose < 4 × 10 6 /kg. Analysis by conditioning regimen demonstrated significantly faster neutrophil engraftment for an infused CD34+ cell dose > 4 × 10 6 /kg in the RIC + TBI group (median 15 d vs 18 d, P = 0.01) and no statistically significant differences by CD34+ cell dose for the other three conditioning regimen groups (Table 3 ). There were no significant differences in time to neutrophil engraftment by CD3+, CD4+, CD8+, and TNC dose either overall or in any conditioning subgroup (Supplementary Table 2 ).
Platelet engraftment
Five patients did not nadir their platelet count below 20000/mm 3 post-PBHCT and were excluded from the analysis of platelet engraftment. The cumulative incidence of platelet engraftment was 89% at day 40 post-PBHCT. One patient failed to engraft platelets and had a second transplant on day 44. Ten patients died before day 40, three patients died between days 41 to 100, and one patient died 6 mo post-PBHCT without platelet engraftment. Overall, patients who received a CD34+ cell dose > 4 × 10 6 /kg experienced significantly faster platelet engraftment (median 16 d vs 20 d, P = 0.001) as compared to patients with a CD34+ cell dose < 4 × 10 6 /kg. Analysis by conditioning regimen demonstrated significantly faster platelet engraftment in patients with a CD34+ cell dose > 4 × 10 6 /kg for the MA + TBI group (median 20 d vs 34 d, P = 0.001), and the RIC-noTBI group (median 17 d vs 22 d, P = 0.01), but no statistically significant differences in time to platelet engraftment by CD34+ cell dose for the other two conditioning regimen groups (Table 3) . Platelet engraftment was significantly faster in patients who received a higher CD3+ or CD8+ cell dose in the RIC-noTBI group, but not in any of the other conditioning regimen groups. CD4+ and TNC cell doses were not significant (Supplementary Table 2 ).
Graft-versus-host disease
In the MA + TBI conditioning regimen group, there was a higher incidence of grade II-IV acute GvHD in patients who received a TNC dose > 8 × 10 8 /kg, however there was no difference in grade III-IV acute GvHD ( Figure 1A and 1B) . Conversely, there was a higher incidence of grade III-IV acute GvHD in patients who received a lower CD34+ cell dose (≤ 8 × 10 6 /kg), however there was no difference in grade II-IV acute GvHD by CD34+ cell dose ( Figure 1C and 1D ). These effects with TNC and CD34+ dose in MA + TBI were not seen in any of the other conditioning regimen groups. There were no statistically significant associations of CD3+, CD4+, or CD8+ dose with acute GvHD overall or in any conditioning regimen subgroup.
There was no significant association of chronic GvHD incidence with a TNC dose of > 8 × 10
8 /kg either overall or by conditioning regimen. There was a significantly TNC dose > 9 × 10 8 /kg (P = 0.004) but was not statistically significant in any conditioning regimen subgroup. There was no association of CD34+, CD3+, CD4+, or CD8+ cell dose with chronic GvHD either overall or in any conditioning regimen group.
Overall and progression-free survival
Median follow-up in all patients was 4.8 years (range 1.6-12 years). CD34+, CD3+, CD4+, and CD8+ cell doses were not associated with either OS or PFS in all patients or stratified by conditioning regimen. TNC dose showed no significant difference in OS or PFS when analyzed in all patients (Figure 2A ). However, a significant improvement in OS was seen in patients with TBI-based conditioning regimens who received higher (> 8 × 10 8 /kg) TNC doses ( Figure 2B ). Further analysis showed this effect was restricted to the RIC + TBI ( Figure 2D ) group with no significant difference in the MA + TBI group ( Figure 2C) . Similar results were found with PFS: a higher (> 8 × 10 8 /kg) TNC dose was associated with improved PFS in patients who received TBIbased conditioning regimens, which was driven by the RIC + TBI subgroup.
Multivariate analysis
Based on the univariate analysis, age, KPS, and BMI were included as covariates in the multivariable analysis of each cell dose with OS, and KPS and BMI were included as covariates in the multivariable analysis of each cell dose with PFS (Table 4) . Similar to the univariate analysis, TNC dose > 8 × 10 8 cells/kg was associated with improved OS and PFS in patients who received TBI-based conditioning regimens. However, upon further stratification, this finding was statistically significant only in the RIC + TBI conditioning group.
Correlations between cell populations
To investigate potential correlations between cell types, Table 5 summarizes the matrix of Pearson correlations between cell doses. While most cell doses are significantly and positively correlated with the others (P < 0.001), most correlation coefficients were low. Pearson r 2 < 0.5 means < 50% of the difference between cell doses can be explained by the linear relationship between the two. CD3+ cell dose is correlated with CD4+, CD8+, and TNC cell doses (r 2 : 0.5-0.83, Table 4 ), however CD34+ cell dose is not correlated with any of the other cell types (r 2 < 0.05) and is thus an independent cell type.
DISCUSSION
The effect of infused cell dose on post-transplant outcomes is complex. Our single center study is the first to analyze the relationship of conditioning regimen intensity and use of TBI with infused cell doses. A recent study demonstrated that in reduced intensity transplant without TBI, TNC dose was associated with improved PFS and OS similar to our results in reduced intensity conditioning with or without TBI [24] . Martin et al [24] reported that higher TNC dose was also associated with decreased relapse and increased incidence of chronic GvHD.
Our results indicate that overall CD34+ cell dose is not associated with OS or PFS in our patient population as observed in other studies [9, [11] [12] [13] 24] . This differs from a study in T-cell depleted transplants after myeloablative TBI conditioning, which reported CD34+ doses between 4-8 × 10 6 /kg were optimal for OS, and anything above or below this range resulted in increased mortality [25] . Gorin et al [16] demonstrated RIC + TBI patients receiving a TNC dose > 9.1 × 10 8 /kg had improved PFS, which was similar to our results.
There was no association in patients with higher CD3+, CD4+, CD8+, or CD34+ doses and OS or GvHD, however recent studies indicated that an optimal CD34+ cell dose can lead to improved survival, less GvHD, and improved engraftment [5] [6] [7] [8] [9] [10] [11] . Our results demonstrated an association with TNC dose, which could indicate there is another graft cell subset that may better predict these outcomes. One candidate is the natural killer (NK) cell. A low donor NK cell dose was associated with significantly longer time to engraftment and worse OS [16] . NK cells have also been implicated as an important modulator of GvHD and the graft vs leukemia effect [26] . It is possible that increasing the donor NK cell dose could allow for a more robust graft vs leukemia effect without increasing risk of GvHD [27] . Focusing on the recipient, previous work demonstrated that host NK cells are relatively radiation-resistant and may decrease the incidence and severity of GvHD [28] [29] [30] . Thus, in the setting of low dose TBI, host NK cells could be preserved and mediate a decrease in GvHD while allowing for an improved graft vs leukemia effect, translating into an improved PFS/OS.
Further confirmation of our results in a larger, multi-center registry study could be performed. In addition, analysis of other cell populations (i.e., NK cell dose) could explain our findings. Further understanding of the impact of graft composition on post-transplant outcomes, and their potential interactions with conditioning regimens could allow physicians to better target certain cell doses in order to improve posttransplant survival outcomes. 
ARTICLE HIGHLIGHTS
Research background
Peripheral blood hematopoietic cell transplant (PBHCT) is the most commonly used allogeneic hematopoietic cell source due to its quick rate of neutrophil engraftment. A higher total nucleated cell (TNC) dose has been reported to improve survival after PBHCT, but analyses of specific T-cell subsets have been inconsistent. Factors such as T-cell depletion, conditioning regimen intensity, use of total body irradiation (TBI), and donor age may be interacting with graft cell doses to generate different effects on PBHCT outcomes. In addition, flow cytometric enumeration of cell doses are not standardized and may also lead to differences in results between studies.
Research motivation
While the optimal CD34+ cell dose range to minimize time to neutrophil and platelet recovery without increasing risk of acute graft-versus-host disease has been found to be 4-10 × 10 6 /kg, some studies have reported a higher CD34+ cell dose yields improved overall survival while others have found no significant association. Further understanding of the impact of graft composition on post-transplant outcomes, and their potential interactions with conditioning regimens, could allow physicians to better target certain cell doses in order to improve posttransplant survival outcomes.
Research objectives
The objectives of this study were to examine whether the collected and infused CD34+, CD3+, CD4+, CD8+ or TNC dose influenced engraftment, overall survival, progression free survival, and incidence of acute and chronic GvHD, and whether the results were affected by conditioning regimen intensity or use of TBI.
Research methods
Four conditioning regimen groups were defined a priori as (1) myeloablative (MA) without TBI (MA-noTBI), (2) myeloablative with TBI (MA + TBI), (3) Reduced intensity conditioning (RIC) without TBI (RIC-noTBI) and (4) RIC with TBI (RIC + TBI). Correlations between TNC dose and CD3+ dose, CD4+ dose, CD8+ dose, CD34 dose were calculated using the Pearson productmoment correlation coefficient. The cumulative incidence of acute and chronic GvHD was analyzed adjusting for the competing risk of disease relapse. Univariable analysis of OS and progression free survival (PFS) were analyzed as time-to-event; survival curves were generated using the Kaplan-Meier method and were compared using the log-rank test. Multivariable analyses tested each cell dose while adjusting for significant factors in the univariate analysis, first in all patients and then stratified by the four conditioning regimen groups. These analyses allowed us to explore the interaction of conditioning regimen and allogeneic donor apheresis product composition in relation to outcomes after unmanipulated peripheral blood hematopoietic cell transplantation.
Research results
The cohort consisted of 135 sibling and 112 unrelated donor transplant recipients. Overall, patients who received a CD34+ cell dose > 4 × 10 6 /kg experienced faster neutrophil engraftment and platelet engraftment as compared to patients who received a CD34+ cell dose < 4 × 10 6 /kg. Analysis by conditioning regimen demonstrated significantly faster neutrophil engraftment for an infused CD34+ cell dose > 4 × 10 6 /kg in the RIC + TBI group. Overall and progression-free survival was significantly better in patients with a RIC + TBI regimen and TNC dose > 8 × 10 8 /kg. Our results indicated that overall CD34+ cell dose is not associated with OS or PFS in our patient population, similar to other studies. We did find an overall and progression-free survival benefit in patients with a RIC + TBI regimen and TNC dose > 8 × 10 8 /kg, which could indicate there is another graft cell subset that may better predict these outcomes.
Research conclusions
Our single center study is the first to analyze the relationship of conditioning regimen intensity and use of TBI with infused cell doses. Neutrophil engraftment was significantly faster after reduced intensity TBI based conditioning and > 4 × 10 6 CD34+ cells/kg infused. In addition, overall and progression-free survival were significantly better in patients with a RIC + TBI regimen and TNC dose > 8 × 10 8 /kg. Our study suggested that TBI and conditioning intensity may alter the relationship between infused cell doses and outcomes after PBHCT. Our results demonstrated that immune cell subsets may predict improved survival after unmanipulated PBHCT.
Research perspectives
This study suggests that TBI and conditioning intensity may alter the relationship between infused cell doses and outcomes after PBHCT. Further confirmation of our results in a larger, multi-center registry study could be performed. In addition, analysis of other cell populations, such as NK cell dose, could explain our findings. Further understanding of the impact of graft composition on post-transplant outcomes, and their potential interactions with conditioning regimens could allow physicians to better target certain cell doses in order to improve posttransplant survival outcomes.
